testing using the optimized sequence kernel association test (SKAT-O) and pathway analysis by Ingenuity Pathway Analysis in 379 patients and 411 controls.
Results. Principal components analysis demonstrated that the patients and controls had similar ancestral backgrounds, with roughly equal proportions of mean European admixture. Using SKAT-O, we examined the association of individual genes that were previously reported in EA patients and none remained significant, including ATP8B4 (P = 0.98). However, we confirmed the previously reported association of the ECM-related pathway with enrichment of variants within the COL13A1, COL18A1, COL22A1, COL4A3, COL4A4, COL5A2, PROK1, and SERPINE1 genes (corrected P = 1.95 3 10 À4 ). Conclusion. In the largest genetic study in AA patients with SSc to date, our findings corroborate the role of functional variants that aggregate in a fibrotic pathway and increase SSc susceptibility.
Systemic sclerosis (SSc; scleroderma) is a chronic multisystem disease, characterized by fibrosis of the skin and internal organs, systemic vasculopathy, and autoimmunity. Compared with individuals of European American (EA) ancestry, African Americans (AA) in the US have a higher incidence and prevalence of SSc (1) . SSc occurs at an earlier age in persons of AA descent compared to EA and is more likely to be manifested as diffuse skin involvement and the presence of anti-topoisomerase I or antifibrillarin antibodies-features that are associated with severe disease and a worse outcome (2) . AA individuals are more likely to develop severe interstitial lung disease (ILD) or pulmonary arterial hypertension. This lung disease accounts for the major overall SSc-related deaths in all racial groups (3) .
The etiology of SSc is unknown, but several environmental agents and genetic variants have been implicated. A strong role of genetic etiologic factors has been suggested by family studies in SSc, which have demonstrated an absolute risk of 1.6% in families as compared to 0.026% in the general population (4) . Candidate gene, family-based, and genome-wide association studies (GWAS) investigating common variants, that have been conducted mostly in EA patients with SSc, have revealed autoimmune disease susceptibility loci that are not unique to SSc (5) . These studies focused on common variants that have been able to only partially account for SSc heritability. Rare variants (minor allele frequency [MAF] <0.5%) and low-frequency variants (MAF 0.5-5%) have recently been implicated in several diseases and could account for a portion of the missing data on SSc heritability.
Recent reports suggest an increased burden of rare coding variants in genes and pathways of complex diseases beyond the common variants identified by GWAS (6, 7) . Various techniques used to identify genes with aggregation of deleterious variants include candidate gene Sanger sequencing for a hypothesis-driven approach. Next generation sequencing platforms, including whole-exome sequencing (WES) and whole-genome sequencing, provide hypothesis-neutral approaches. Gao et al (6) recently performed WES in 78 EA patients with SSc and found an enrichment in functional ATP8B4 variants as compared to controls (P = 2.77 9 10
-7
). Furthermore, a single missense variant (rs55687265) was associated with SSc (P = 9.35 9 10 -10 ), and when this variant was removed, the ATP8B4 gene-based association was eliminated. Mak et al (7) performed WES in 32 EA patients with SSc, identifying 70 genes enriched for deleterious variants in the diffuse SSc subset; they reported significant enrichment of variants in the COL4A3, COL4A4, COL5A2, COL13A1, and COL22A1 genes in the extracellular matrix (ECM)-related pathway (P = 0.002). Given the potential importance of the findings of these prior smaller WES studies in EA patients with SSc, we investigated their significance in a larger cohort of AA patients with SSc by performing WES gene and pathway-based association testing.
Our understanding of genetic susceptibility in AA patients with SSc is limited and restricted to HLA antigens, due to the lack of extensive studies in the AA population (8 Drs. Boin, Kastner, and Wigley contributed equally to this work. Dr. Mayes has received consulting fees from Mitsubishi Tanabe, Astellas, Boehringer Ingelheim, Gerson Lehrman Group, Smart Analyst, and Guidepoint Global (less than $10,000 each). Dr. Domsic has received consulting fees from Eicos Sciences (less than $10,000). Dr. Khanna has received consulting fees from Actelion, Bristol-Myers Squibb, CSL Behring, Inventiva, EMD Merck-Serono, Sanofi-Aventis, GlaxoSmithKline, Corbus, Cytori, and UCB (less than $10,000 each), Bayer, Boehringer Ingelheim, Corbus, and Genentech-Roche (more than $10,000 each), and research support from Bayer, Bristol-Myers Squibb, and Pfizer, and owns stock or stock options in Eicos Sciences, Inc. (now CiViBioPharma, Inc.). Dr. Saketkoo has received consulting fees from Axon Pharma (less than $10,000). Dr. Gladue has received consulting fees from Pfizer, AbbVie, and Actelion (less than $10,000 each) and from Horizon Pharmaceuticals (more than $10,000). Dr. Derk has received research support from Gilead, Actelion, and Cytori. Dr. Shanmugam has received research support from AbbVie. Dr. Bernstein has received consulting fees from Genentech (less than $10,000).
to assemble a large cohort of AA patients with SSc in order to conduct systematic and comprehensive genetic studies. Within the cohort, 400 AA patients with SSc and 482 controls have undergone WES, and studies of select genes from the WES analysis are being replicated in an independent series for confirmation. Herein we present the results of our analyses for gene-level associations and pathway associations in genes that were previously reported in WES studies of 76 EA patients with SSc by Gao et al and 32 EA patients with SSc by Mak et al (6, 7) . We replicated a collective enrichment of coding and deleterious variants in genes of the fibrotic pathway in AA patients with SSc.
PATIENTS AND METHODS
Study population. AA patients with SSc were enrolled in the GRASP consortium from 23 academic centers in the US (see Supplementary (9, 10) or had at least 3 of the 5 features of CREST syndrome (calcinosis, Raynaud's phenomenon, esophageal dysmotility, sclerodactyly, telangiectasias) (11). Control samples were obtained from the Howard University Family Study, a population-based study of AA families and unrelated individuals enrolled in the Washington, DC metropolitan area (12) . Only unrelated individuals were included as controls. Sera obtained from controls were tested for antinuclear antibodies (ANAs) by indirect immunofluorescence, and only those with a titer of <1:80 were included in this study. DNA was extracted from samples of whole blood or saliva.
Sequence analysis. WES was performed on 400 SSc and 482 control samples using SeqCap EZ Human Exome + UTR Probes (Roche), and libraries were sequenced on the HiSeq 2000 platform (Illumina) using 2 9 100-bp paired-end reads. WES data were analyzed using the computational resources of the NIH high-performance computing Biowulf cluster (http://hpc.nih.gov). Multiple variant and sample quality control filters were used prior to analyses (see Supplementary Methods, available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40541). The sequence data shown in this study are accessible from the Sequence Read Archive under the accession number SRP140756.
Identity by descent, admixture, and principal components analyses. Identity by descent analysis was performed using common variants (MAF >5%) from the sequence data after linkage disequilibrium (LD) pruning (r 2 <0.5) for estimating kinship coefficients. In order to remove familial relatedness, only 1 sample with the highest call rate was included from individuals with pi-hat >0.085. We used the ADMIXTURE software tool (13) and the 1000 Genomes populations as references for estimation of population admixture in our patients and controls. Principal components analysis (PCA) was used to estimate population stratification. A set of 35,280 markers (LD pruned [r 2 <0.5] and MAF >5%) was used to compute principal components and the top ten principal component eigenvalues were used to correct for population stratification using SNP & Variation Suite v8.7.1 (Golden Helix). Samples that clustered within the European cluster were removed from the analysis. Statistical analysis. Gene-level testing was performed using an optimized sequence kernel association test (SKAT-O) with Madsen and Browning marker weighting and was corrected for ancestry using the top 10 principal components. Functional variants (missense, nonsense, and splice site) with a MAF of <0.05 present on 20 candidate genes as reported by Gao et al (6) , and functional variants of all frequencies present on 87 genes from the diffuse disease and ILD subsets of SSc patients analyzed by Mak et al (7) were examined for association in the GRASP cohort (see Supplementary Figure 1 , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley. com/doi/10.1002/art.40541/abstract). In order to account for multiple gene testing, Bonferroni correction was applied for the total number of tests performed. This included 20 tests for the Gao et al study and 87 for the Mak et al study, which yielded P value significance thresholds of 0.0025 and 0.00057, respectively (6,7). Ingenuity Pathway Analysis (IPA) software was used to identify canonical pathways with all of the reported genes in the studies by Gao and colleagues and Mak and colleagues. P values for pathways were generated using Fisher's right-tailed exact test and were corrected for multiple testing using the Benjamini-Hochberg false discovery rate criterion.
RESULTS
Patient characteristics. A few controls (2.17%) were ANA+ (titer ≥1:80) and were excluded from the study. As we had hypothesized, there were more female subjects in the SSc cohort as compared to the control cohort (Table 1) . Detailed sociodemographic, clinical, and serologic characteristics of the GRASP cohort have been reported by Morgan et al (11) . In order to address population stratification, we performed PCA and plots showed that the patients and controls in the GRASP cohort were well-matched and that there was no major stratification at a global genomic level ( Figure 1 and Supplementary Results of sequence analysis. A total of 400 SSc and 482 control exomes were sequenced using the same platform and were analyzed simultaneously. After filtration for quality control, 379 SSc cases and 411 controls remained and were used for further analysis (see Supplementary Methods, available at http://online.library. wiley.com/doi/10.1002/art.40541/abstract). An average of 90% of targeted bases produced high-confidence calls, and mean depth of coverage was 479 in the targeted region. The transition-to-transversion ratio for the coding region was 3.29, and the ratio for heterozygous-tononreference homozygous variants was 2.6. PCA was performed for fine characterization of genetic ancestry. A 3-dimensional PCA plot depicted the AA patients to be spread between the West African and European clusters based on their degree of European admixture ( Figures 1A and B , and Supplementary Figures 2 and 3 , http://online.library.wiley.com/doi/10.1002/ art.40541/abstract). The GRASP samples were closer to the West African cluster and distinct from the East African cluster, confirming West Africa as the main ancestral home of the AA patients. The admixture proportions in GRASP samples were similar to those in AA persons in the 1000 Genomes Project (Americans of African Ancestry in southwestern US), with major contributions from West African and European ancestries and a minor contribution from Asian ancestry, likely representing Native American admixture ( Figure 1C ). The mean AE SD individual European admixture was 16.98 AE 12.4% in the SSc samples and 16.52 AE 11.7% in controls, and the difference was not statistically significant (P = 0.59, by t-test) (see Supplementary Figure 4 , available at http:// online.library.wiley.com/doi/10.1002/art.40541/abstract). The PCA plot also confirmed that the patients and controls were very ancestrally similar to each other ( Figure 1D) .
Gene-level analysis. All variants in the 20 genes, as described in the report by Gao and colleagues (6), were included for gene-level testing by SKAT-O with the top 10 principal components as covariates. The ATP8B4 gene-level association reported in EA patients did not reach statistical significance in the GRASP cohort (P = 0.98) (see Supplementary Tables 2 and 3 , available at http://online.library. wiley.com/doi/10.1002/art.40541/abstract). A missense variant (rs55687265), which was found to be the primary signal for association in the ATP8B4 gene in the study by Gao et al (6) , had similar frequency in the SSc patients and controls and was not statistically significant in the GRASP cohort (P = 0.84) (Supplementary Table 4 , http://online. library.wiley.com/doi/10.1002/art.40541/abstract).
The 87 unique genes that were identified in the study by Mak and colleagues (7) were evaluated in the GRASP cohort by SKAT-O. For the COL4A4 gene, the P value was 0.038, but this did not remain significant after correction for multiple testing (see Supplementary  Table 5 , available at http://online.library.wiley.com/doi/10. 1002/art.40541/abstract). Upon examining the subset of SSc patients with diffuse disease, we discovered the MSR1 gene (P = 0.01), and when evaluating the subset of SSc patients with ILD we identified the ZNF492 gene (P = 0.01), the FOLR3 gene (P = 0.03), and the STAB1 gene (P = 0.04). After correction for multiple testing, however, these associations were not statistically significant (see Supplementary  Tables 6 and 7 , available at http://online.library.wiley.com/ doi/10.1002/art.40541/abstract). The growth differentiation factor 2 gene (GDF-2) was reported by Mak et al to have a potential enrichment of variants by burden ratio (7) and was significant with an uncorrected P value of 0.00029 in the study by Gao et al (6) . In the GRASP cohort this gene initially showed significance (uncorrected P = 0.04), but it did not remain significant after correction for multiple testing (see Supplementary Table 2 , available at http://online.library. wiley.com/doi/10.1002/art.40541/abstract).
Pathway-based analysis. IPA was used to predict pathways enriched with gene variants. Gene-level association results from the SKAT-O analysis of the 20 genes from the study by Gao et al and the 87 genes from the study by Mak et al (6, 7) , in all SSc patients, were used for pathway prediction. None of the pathways that were predicted based on the gene list from the study by Gao and colleagues were statistically significant after correction for multiple testing. The hepatic fibrosis/hepatic stellate cell activation pathway, identified with IPA based on the gene list in the study by Mak and colleagues, comprised not only the COL13A1, COL22A1, COL4A3, COL4A4, and COL5A2 genes, but additionally included the COL18A1, PROK1, and SERPINE1 genes belonging to the same pathway (see Supplementary Table 8 , available at http:// online.library.wiley.com/doi/10.1002/art.40541/abstract). In the GRASP cohort, this was the only pathway that was statistically significant after correction for multiple testing (corrected P = 1.95 9 10 -4 ) ( Table 2 ). After correction for multiple testing, the hepatic fibrosis/hepatic stellate cell activation pathway was the only significant pathway in the subset of SSc patients with diffuse disease (Table 2) .
DISCUSSION
In this large cohort of AA patients with SSc, we examined the 20 candidate genes as identified by Gao et al and the 87 candidate genes as identified by Mak et al in their recent WES studies of EA patients with SSc (6,7). Despite having a much larger sample size than these original studies, we were unable to replicate the ATP8B4 gene association or the rs55687265 variant in the ATP8B4 gene in the present study. We were, however, able to replicate the association with the ECM-related pathway, but found no additional associations. One of the greatest accomplishments achieved as a result of this investigation is the establishment of the GRASP cohort, which comprised a large sample of AA patients with SSc and controls with similar ancestral backgrounds. The GRASP cohort will serve as a valuable resource for future transethnic genomic studies in SSc.
Based on the genes reported as candidates for association in the study by Mak et al (7) , pathway analysis in the GRASP cohort highlighted a fibrotic pathway that had enrichment of genes with functional variants involved in ECM biology. The gene list included several genes in the collagen family and genes involved in fibrinolysis and angiogenesis. The clustering of these genes into a fibrosis network corresponds to the excessive synthesis and deposition of ECM proteins observed in SSc and, thus, could be a potential candidate for targeted therapy. The GDF2 gene (also known as bone morphogenetic protein 9) that was evaluated in the present study and identified in the studies by Gao et al and Mak et al (6,7) did not reach statistical significance after correction for multiple testing, but remains an interesting candidate gene involved in modulation of the ECM.
In the GRASP cohort, the ancestries of AA patients as well as the controls were primarily derived from West Africa, and on average the AA patients and controls had similar proportions of African, European, and Asian (likely Native American) descent. The patients and controls were recruited from different geographic locations in the US and, using PCA and the ADMIXTURE software tool, we were able to demonstrate that there was no major population stratification between the patients and controls.
Ancestry-specific associations have previously been identified in complex diseases. Similar to the PADI4 gene association in Asians and the PTPN22 gene association in Europeans with rheumatoid arthritis, it may be the case that there are differences in SSc susceptibility loci in different ancestral populations (14) . The admixture of the AA population is a recent event in human admixture history and, as we have demonstrated, contains varying amounts of European and Asian ancestries. This difference in genetic architecture could explain the lack of association of the ATP8B4 gene and the rs55687265 variant in AA patients with SSc.
In the original report of the association of the rs55687265 variant with scleroderma in EA patients by Gao and colleagues (6), the discovery set contained 78 patients in whom the likelihood of association was significant (odds ratio [OR] 6.11, P = 9.35910 -10 ) and the replication set had 415 patients in whom a significant association was found (OR 1.86, P = 0.01). Nevertheless, a recent study of 7,426 SSc patients and 13,087 controls of European ancestry was also unable to replicate the association with the rs55687265 variant (15) . This underscores the importance of replication in genetics studies in large well-established cohorts to demonstrate reproducibility, provide a better estimate of effect size, and confirm that the original association is not due to unidentified biases present in a single study. We expect that, upon completion of the GRASP targeted resequencing and final analysis of~400 genes, at least a few of these genes will show a statistically significant association with scleroderma and increase our understanding of molecular pathways involved in SSc pathogenesis.
